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Introduction
Covalent organic frameworks (COFs) are a class of porous crystalline materials with highly ordered two-dimensional (2D) or three-dimensional (3D) networks.
2 blocks linked by reversible covalent bonds under reticular chemistry. 3 Owing to their intriguing aesthetic architectures and unique properties, such as structural adaptivity and predictability, good hydrothermal stability, large surface area and extremely low density, COFs have shown great promising applications in gas storage 4, 5 and separation, 6, 7 optoelectronics, [8] [9] [10] catalysis, [11] [12] [13] [14] [15] [16] etc. Recently, 2D COF nanosheets (NSs) have emerged as a new member in the family of 2D nanomaterials [17] [18] [19] [20] [21] [22] [23] [24] [25] and received increasing attention with potential applications in chemical sensing, 18 antimicrobial coatings, 19 and cathode materials. 20 Normally, 2D COF NSs are prepared using the top-down strategy, in which COF NSs are obtained directly from their bulk counterparts via the solvent-assisted exfoliation, 17, 18, 20, 22 self-exfoliation, 19 mechanical delamination 21 or sequential post-synthetic modification. 23 Although the aforementioned strategies have achieved great success in the preparation of COF NSs, the yield of obtained COF NSs is still low probably due to the strong interlayer π-π stacking interactions. Recently, as reported by Banerjee et al. who used the cycloaddition reaction within the COF backbone, the interlayer π-π stacking was destroyed, benefiting the exfoliation of bulk COF material to obtain 2D COF NSs. 24 Therefore, by directly integrating flexible building units into the backbone of COFs to weaken the interlayer stacking in COFs, the 2D COF NSs can be easily prepared after exfoliation.
Herein, by elaborately designing and choosing the geometries of building units and their connection patterns, a novel [3+3] imine-linked COF, namely TPA-COF, was successfully synthesized, which is constructed from two flexible building units with C 3v molecular symmetry (Scheme 1, see Experimental Section for details). The TPA-COF possesses a hexagonal layered structure and sheet-like morphology.
Impressively, The TPA-COF can be easily exfoliated into NSs, in which the ultrathin 2D nature allows direct imaging of the porous structure by our recently developed low-dose TEM technique. 26 Importantly, the as-prepared 2D COF NSs can be used as a novel fluorescence sensing platform for highly selective and sensitive detection of DNA.
Experimental Section
Materials. 1,3,5-tris(4-formylphenyl)benzene (TFPB) was synthesized according to the published method. 22 Tris(4-aminophenyl)amine (TAPA, 98%), tris(4-formylphenyl)amine (TFPA, 96%), 1,2-dichlorobenzene (o-DCB, 99%), and acetic acid (AcOH, 99.5%) were purchased from Tokyo Chemical Industry Co., Ltd. Ethanol (EtOH), acetone, dichloromethane and methanol with analytical purity were purchased from Merck. All DNA strands were synthesized and purified by the Integrated DNA Technologies Pte Ltd. The sequences of used DNA were listed in Table 1 . Milli-Q water was obtained 3 from the Milli-Q System (Millipore). All the materials were used as received without further purification.
Synthesis of bulk TPA-COF material
A 10 mL Pyrex tube was charged with tris(4-aminophenyl)amine (TAPA) (5 mg, 0.017 mmol), tris(4-formylphenyl)amine (TFPA) (5 mg, 0.015 mmol) and o-DCB/ethanol (4:1 v/v, 1.5 mL). After the mixture was sonicated for 5 min, a clear solution was obtained. Subsequently, 0.06 mL of acetic acid (3 M) were added. Afterwards, the tube was flash frozen at 77 K using a liquid N 2 bath and degassed by three freeze-pump-thaw cycles, sealed under vacuum and then heated at 120 °C for 3 days. A yellow precipitate was formed, which was collected by centrifugation and washed with anhydrous ethanol, anhydrous acetone, and anhydrous dichloromethane, separately. The collected sample was then solventexchanged with anhydrous methanol for 2-3 times and dried at 120 °C under vacuum for 12 h to give a deep yellow powder (6.5 mg, 76% isolated yield). IR (powder, cm 
Preparation of TPA-COF nanosheets (NSs)
In a typical experiment, 6.5 mg of bulk TPA-COF material were dispersed in 150 mL of ethanol. The mixture was sonicated in an ultrasonic bath (Brandson, CPX2800H-E, 110 W, 40 KHz) for 3 h. After sedimentation for 24 h, the upper colloidal suspension of exfoliated TPA-COF NSs was collected and concentrated by centrifugation at 7,000 rmp for 5 min. After removal of supernatant, the residual TPA-COF NSs were re-dispersed into 20 mL of ethanol prior to characterization.
Gel electrophoresis analysis
Hybridization chain reaction (HCR)-generated products were analyzed by the 1% agarose gel. The gel was run on the Bio-Rad horizontal electrophoresis system (Wide Mini-Sub Cell GT Cell) in 0.5× Trisborate-EDTA (TBE) buffer (45 mM Tris, 45 mM boric acid and 1 mM EDTA; pH 8.3) at 100 V for 90 min and stained with GelRed for 30 min. Gel imaging was performed on a G:BOX system (Syngene) under UV irradiation.
Fluorescent DNA assays
In a typical hybrid experiment, 2.5 µL of hairpin DNA probe 1 (H1, 10 µM) and 2.5 µL of hairpin DNA 
Characterization
Prior to the TEM and AFM characterizations, the ethanolic suspension of TPA-COF NSs was dropped onto the holey carbon-coated carbon support copper grids and piranha-cleaned Si/SiO 2 , respectively, and then naturally dried in air. For the XRD characterization, the TPA-COF NSs were concentrated and dropped on a clean glass. TEM images were obtained using a transmission electron microscope (JEOL JEM-2100F). AFM images were recorded using a dimension 3100 AFM with Nanoscope IIIa controller (Veeco, Fremont, CA) in tapping mode in air. The powder X-ray diffraction (PXRD) patterns of bulk COF materials were recorded on a Bruker D8 diffractometer (German) equipped with a Cu Kα radiation (λ= 1.5406 Å) at a scan rate of 0.02 deg s -1 . A Shimadzu XRD-6000 was used to characterize the XRD of TPA-COF NSs. Scanning electron microscopy (SEM) was observed on a JSM-7600F. Samples were treated with Pt sputtering before observation. Fourier transform infrared spectroscopy (FT-IR) spectra were collected on a Perkin Elmer FT-IR Spectrum GX in the spectral range of 400-4000 cm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 size distribution data were calculated based on the nonlocal density functional theory (NLDFT) model in the Micromeritics ASAP2020 software package.
Low-dose TEM image acquisition, processing and simulation
Low-dose HRTEM images were taken on a Cs-corrected FEI G 2 cubed Titan 60-300 electron microscope under 300 kV, which is equipped with a Gatan K2 Summit direct-detection electroncounting camera (DDECC). The HRTEM images were similarly processed by using CRISP software in our previous work. 26 HRTEM image simulation was carried out by using multislice method implemented in QSTEM software (http://www.qstem.org). An accelerating voltage of 300 kV, a defocus value of -300 nm, a convergence angle of 0.2 mrad, a Cs value of 10 µm, and a focal spread of 5 nm were used. An information limit cutoff of 4 Å was applied by using an objective aperture.
Results and Discussion
The tris(4-aminophenyl)amine (TAPA) and tris (4- . Moreover, the aldehyde band of TFPA (1694 cm -1 ) was obviously attenuated, indicating the formation of imine-linked bonds. The UV-Vis diffuse reflectance spectroscopy (DRS) analysis revealed that the bulk TPA-COF material displays a reflection edge at around 530 nm, corresponding to a band gap of 2.32 eV ( Figure S2 ). In addition, the thermogravimetric analysis (TGA) confirmed that the bulk TPA-COF material has high thermal stability up to 500 °C ( Figure S3 ).
The crystalline structure and unit cell parameters of bulk TPA-COF material were determined by the powder X-ray diffraction (PXRD) analysis together with the structural simulation and Pawley refinement ( Figure 1a and Table S1 , S2 in Supporting Information). Considering the geometry of precursors and their connection patterns, two typical structural models with eclipsed and staggered 2D stacking and P3 symmetry were built using the Materials Studio software package. 27 The experimental PXRD profile of the bulk TPA-COF material (curve 1 in Figure 1a ) matches well with the simulated pattern obtained using the eclipsed 2D stacking model both in the peak position and intensity (curve 4 in Figure 1a and Figure 1b) , but is inconsistent with the PXRD pattern produced using staggered 2D stacking mode (curve 5 in Figure 1a) . The bulk TPA-COF material exhibited an intense peak at 5.01° 6 and minor peaks at 8.72°, 10.13° and 13.47°, which can be assigned to the diffractions of (100), (110), (200), and (210) planes, respectively. The presence of the reflection of the (001) plane in the bulk TPA-COF material at 21.40° indicates that the periodicity of 2D sheets is extended to the third dimension (c axis). To better understand the layer morphology of the bulk TPA-COF material and seek a closer correlation with the experimental PXRD pattern, the Pawley refinement was subsequently performed using the Materials Studio Forcite module. 27 The Pawley-refined PXRD pattern (curve 2 in Figure 1a based on Langmuir model). By using the nonlocal density functional theory method, the pore size of the bulk TPA-COF material was determined to be ~15 Å, which is close to the predicted pore size (~18 Å) according to the crystal structure (Figure 1b) . 18 Due to the flexible nature and sheet-like layered morphology of the bulk TPA-COF material, it was easily exfoliated into ultrathin 2D NSs, denoted as TPA-COF NSs, through one-step solvent-assisted liquid sonication (see Experimental Section for details). As shown in Figure 2a and Figure S5 , SEM and TEM images clearly showed the 2D NS structures. A typical Tyndall effect was observed when a green laser went through the solution of TPA-COF NSs (inset in Figure 2a ), confirming their colloidal structure. AFM characterization revealed that the thickness of the obtained TPA-COF NSs is 3.5±0.3 nm (Figure 2b and Figure S6 ), corresponding to 9±1 layers. To determine the crystal structure of TPA-COF NSs, the XRD characterization was performed. The result is identical to that of the bulk TPA-COF material, but the intensity of the first peak (100) decreased ( Figure S7 ), which is consistent with the previous observation in the thin layered COFs. 18, 21, 22, 28 The FT-IR spectrum of TPA-COF NSs remains 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 the same as the bulk material ( Figure S8) , further confirming the same structures of the bulk TPA-COF material and 2D TPA-COF NSs.
The ultrathin 2D nature of TPA-COF NSs allows us to visualize its honeycomb-like porous structure using high-resolution TEM (HRTEM). To the best of our knowledge, HRTEM image of COFs has rarely been reported until now, and there was only limited resolution achieved, mainly due to the easy structural damage of COFs under the electron beam. However, by using our recently developed lowdose TEM technique based on the use of a direct-detection electron-counting camera Figure S11 ). Compared to the bulk TPA-COF material, the bulk TPA-COF-2 material exhibits a similar crystal structure ( Figure S10b ) and morphology ( Figure S12 ), but is difficult to be exfoliated into NSs (Figure S13 ), which may come from the increasing interlayer π-π stacking 8 interactions in TFP-COF-2 compared to TFP-COF, due to the nearly planar conformation and strong π systems of TFPB.
As known, 2D NSs, such as graphene, [29] [30] [31] [32] [33] graphitic carbon nitride (g-C 3 N 4 ), 34 transition metal dichalcogenides (TMDs) [35] [36] [37] [38] and metal-organic frameworks (MOFs), 39 have shown promising applications in fluorescence sensors. As a proof-of-concept application, the ultrathin TPA-COF NS was used as a novel sensing platform for DNA detection. The proposed strategy is shown in Figure 3a . Two hairpin DNA probes, namely H1 and H2, were designed, and H1 was labeled with a fluorescent dye. H1 and H2 can be adsorbed on the surface of TPA-COF NSs due to the π-π stacking interactions, resulting in the fluorescence quenching of dye. However, when the target DNA (T) is present, it can specifically trigger a hybridization chain reaction (HCR) between H1 and H2 as described previously, 40 yielding the long double-stranded DNA (dsDNA), which has very weak interaction with TPA-COF NSs. Therefore, the HCR-generated long dsDNA leaves away from the surface of TPA-COF NSs, resulting in the recovery of fluorescence of dye, which can provide the quantitative detection of target DNA.
The DNA sequences used here are listed in Table 1 . As shown in Figure 3b , the solution containing H1 and H2 exhibited strong emission at the wavelength of 609 nm (curve I). After addition of TPA-COF NSs into the solution, the fluorescence was quenched, and 91% quenching efficiency were obtained in 15 min (curve IV and blue curve of inset in Figure 3b ), indicating the strong fluorescence quenching ability of TPA-COF NSs. In contrast, when T triggered the HCR between H1 and H2 to form the long dsDNA, the fluorescence was greatly retained even in the presence of TPA-COF NSs (curve II and green curve of inset in Figure 3b) . However, the fluorescence was slightly retained when only H1 was used as hairpin probe due to one-step hybridization between H1 and T (curve III), suggesting that the recovery of fluorescence signal indeed resulted from the target DNA-triggered HCR. In addition, the formation of HCR-generated long dsDNA was confirmed by the gel electrophoresis ( Figure S14 ).
Compared to the bulk TPA-COF material (Figure S15 ), the TPA-COF NSs exhibited better fluorescence quenching ability (Figure 3c ). The fluorescence quenching ability was enhanced from the TPA-COF bulk material to the TPA-COF NSs, which could be attributed to the increased surface area of TPA-COF NSs. 18 As shown in Figure 3d and Figure S16a , the fluorescence intensity enhanced with the concentration of T, and exhibited a linear relationship in the range of 0-1 nM with the detection limit of 20 pM, which is comparable with or even better than most of 2D nanomaterial-based fluorescence DNA sensors (Table   2 ). Importantly, the selectivity of proposed DNA sensor was also evaluated by using the single-based mismatch DNA (denoted as SM) and random DNA (denoted as R). As shown in Figure S16b in 9 Supporting Information, T caused the distinct increase of fluorescence signal compared to the SM and R, indicating the excellent selectivity of our TPA-COF NS-based fluorescence sensor.
Conclusions
In summary, we report the synthesis and characterization of a novel [3+3] imine-linked layered COF, namely TPA-COF, by elaborately designing and choosing two flexible molecules with C 3v molecular symmetry. Impressively, the obtained bulk TPA-COF material, with a highly ordered hexagonal network and sheet-like morphology can be easily exfoliated into ultrathin nanosheets (NSs) possibly due to the weak interlayer stacking originating from the flexible nonplanar building units. Importantly, the ordered pore channels and building units on the pore walls are simultaneously observed in the TPA-COF NSs by our recently developed low-dose TEM technique. As a proof-of-concept application, the ultrathin 2D TPA-COF NS was used as a novel fluorescence sensing platform for the detection of DNA with excellent selectivity and high sensitivity. Our unique strategy can be used to design, synthesize and characterize other ultrathin 2D COF NSs, which might have various promising applications in membrane separation, drug delivery and electronic devices.
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